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We describe non-standard contributions to semileptonic processes in a model in- 
dependent way in terms of an SU{2)l x U{1)y invariant effective lagrangian at 
the weak scale, from which we derive the low-energy effective lagrangian govern- 
ing muon and beta decays. We find that the deviation from Cabibbo universality, 
AcKM = iKidP + \ Vus\'^ + \ Vub\'^ — 1, receives contributions from four effective op- 
erators. The phenomenological bound Ackm = (—1 ± 6) x 10~^ provides strong 
constraints on all four operators, corresponding to an effective scale A > 11 TeV 
(90% CL). Depending on the operator, this constraint is at the same level or bet- 
ter then the Z pole observables. Conversely, precision electroweak constraints alone 
would allow universality violations as large as Ackm = —0.01 (90% CL). An observed 
^CKM 7^ at this level could be explained in terms of a single four-fermion operator 
which is relatively poorly constrained by electroweak precision measurements. 



I. INTRODUCTION 

Precise lifetime and branching ratio measurements [Ij combined with improved theoretical 
control of hadronic matrix elements and radiative corrections make semileptonic decays of 
light quarks a deep probe of the nature of weak interactions [21 E]. In particular, the 
determination of the elements Vud and Vus of the Cabibbo-Kobayashi-Maskawa (CKM) [H |5] 
quark mixing matrix is approaching the 0.025% and 0.5% level, respectively. Such precise 
knowledge of Vud and Vus enables tests of Cabibbo universality, equivalent to the CKM 
unitarity condition^ |KtdP + iKtsP + \Vub\^ = 1, at the level of 0.001 or better. Assuming 
that new physics contributions scale as a / n (M^y / A^) , the unitarity test probes energy scales 
A on the order of the TeV, which will be directly probed at the LHC. 

While the consequences of Cabibbo universality tests on Standard Model (SM) extensions 
have been considered in a number of explicit (mostly supersymmetric) scenarios O [71 El E] , 
a model-independent analysis of semileptonic processes beyond the SM is missing. The goal 
of this investigation is to analyze in a model-independent effective theory setup new physics 
contributions to low energy charged- current (CC) processes. The resulting framework allows 
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us to assess in a fairly general way the impact of semileptonic processes in constraining 
and discriminating SM extensions. We shall pay special attention to purely leptonic and 
semileptonic decays of light hadrons used to extract the CKM elements Vud and Vus- 

Assuming the existence of a mass gap between the SM and its extension, we parameterize 
the effect of new degrees of freedom and interactions beyond the SM via a series of higher 
dimensional operators constructed with the low-energy SM fields. If the SM extension is 
weakly coupled, the resulting TeV-scale effective lagrangian linearly realizes the electro- weak 
(EW) symmetry SU{2)l x f/(l)y and contains a SM-like Higgs doublet |10]. This method is 
quite general and allows us to study the imphcations of precision measurements on a large 
class of models. In particular, the effective theory approach allows us to understand in a 
model-independent way (i) the significance of Cabibbo universality constraints compared to 
other precision measurements (for example, could we expect sizable deviations from uni- 
versality in light of no deviation from the SM in precision tests at the Z pole?); (ii) the 
correlations between possible deviations from universality and other precision observables, 
not always simple to identify in a specific model analysis. 

This article is organized as follows. In Section |Tl] we review the form of the most general 
weak scale effective lagrangian including operators up to dimension six, contributing to 
precision electroweak measurements and semileptonic decays. In Section III we derive the 
low-energy (0(1) GeV) effective lagrangian describing purely leptonic and semileptonic CC 



interaction. We discuss the flavor structure of the relevant effective couplings in Section IV 



In Section |V] we give an overview of the phenomenology of Vud and Vus beyond the SM, and 
derive the relation between universality violations and other precision measurements at the 
operator level. Section VI is devoted to a quantitative analysis of the interplay between the 
universality constraint and other precision measurements, while Section |VII contains our 
conclusions. 



II. WEAK SCALE EFFECTIVE LAGRANGIAN 

As discussed in the introduction, our aim is to analyze in a model-independent framework 
new physics contributions to both precision electroweak observables and beta decays. Given 
the successes of the SM at energies up to the electroweak scale v ~ 100 GeV, we adopt 
here the point of view that the SM is the low-energy limit of a more fundamental theory. 
Specifically, we assume that: (i) there is a gap between the weak scale v and the scale A where 
new degrees of freedom appear; (ii) the SM extension at the weak scale is weakly coupled, so 
the EW symmetry SU(2)l x f/(l)y is linearly realized and the low-energy theory contains a 
SM-like Higgs doublet [TO]. Analyses of EW precision data in nonlinear realizations of EW 
symmetry can be found in the literature [HI [T^l IISI El]- In the spirit of the effective field 
theory approach, we integrate out all the heavy fields and describe physics at the weak scale 
(and below) by means of an effective non-renormalizable lagrangian of the form: 

= CsM + ^C, + j^Ce + + ... (1) 
= $:af)0f\ (2) 
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where A is the characteristic scale of the new physics and O]^ are local gauge-invariant 
operators of dimension n built out of SM fields. Assuming that right-handed neutrinos 
do not appear as low-energy degrees of freedom, the building blocks to construct local 
operators are the gauge fields G^, W^, B^, corresponding to SU{3) x SU{2)l x f/(l)y, the 
five fermionic gauge multiplets, 

r=(|^ e' = e^ d^ = d}R. (3) 

the Higgs doublet ip 

and the covariant derivative 

D, = Id, - tgs^G^ - '9yK - . (5) 

In the above expression A"^ are the SU (3) Gell-Mann matrices, a" are the SU (2) Pauli 
matrices, gs,g,g' are the gauge couplings and Y is the hypercharge of a given multiplet. 

In our analysis we will not consider operators that violate total lepton and baryon number 
(we assume they are suppressed by a scale much higher than A ~ TeV |I5])- Under the 
above assumptions, it can be shown [10] that the first corrections to the SM lagrangian are 
of dimension six. A complete set of dimension-six operators is given in the pioneering work 
of Buchmiiller and Wyler (BW) [lO]^. Truncating the expansion at this order we have 

77 ^ 

^BW = ^SM + Oi . (6) 

i=l 

For operators involving quarks and leptons, both the coefficients at and the operators Oi 
carry flavor indices. When needed, we will make the flavor indices explicit, using the notation 
[«i]afecd for four-fermion operators. 

The above effective lagrangian allows one to parameterize non-standard corrections to 
any observable involving SM particles. The contribution from the dimension six operators 
involve terms proportional to w^/A^ and E'^/h?, where v = {(f^) ~ 174 GeV is the vacuum 
expectation value (VEV) of the Higgs field and E is the characteristic energy scale of a given 
process. In order to be consistent with the truncation of ([T]) we will work at linear order in 
the above ratios. 

We are interested in the minimal subset of the BW basis that contribute at tree level 
to CP-conserving electroweak precision observables and beta decays. Upon imposing these 
requirements (see Appendix [A]) we end up with a basis involving twenty-five operators. In 
selecting the operators, flavor symmetries played no role (in fact at this level the coeffi- 
cients ai can carry any flavor structure). However, in order to organize the subsequent 
phenomenological analysis, it is useful to classify the operators according to their behavior 
under the U{3)^ flavor symmetry of the SM gauge lagrangian (the freedom to perform U{3) 
transformations in family space for each of the flve fermionic gauge multiplets, listed in 
Eq.|3|). 



^ In the original list of BW there are eighty operators, but it can be shown that it can be reduced to 
seventy-seven (see Appendix rA|. 
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A. U{3)^ invariant operators 

The operators that contain only vectors and scalars are 

OwB = 0(f) = \^^D,^\' . (7) 

There are eleven four-fermion operators: 

OlP = lihmi.l), Oip = ^ihW)ih,cT^l) (8) 

Oil^ = ih'im.q), off = (I7'^a"/)(g7.cr"g), (9) 
Ole = (irmi^^e), = (g7^g)(e7Me), (10) 

Oiu = {m){u^^u), Old = {lin){d^^d), (11) 

Cee = ^(e7''e)(e7^e), Oe„ = (e7^e)(u7^M), Oed={eYe){d-i^d). (12) 

Some comments are in order. In principle, in order to avoid redundancy (see discussion in 
Appendix A), one must discard either O^jf^ or 0^\ However, here we have followed the 
common practice to work with both operators and consider only flavor structures factorized 
according to fermion bilinears. Moreover, we use the structure L'-y^L ■ R'-y^R in operators 



(10), instead of their Fierz transformed LR- RL, that BW use. They are related by a factor 
(-2). 

There are seven operators containing two fermions that alter the couplings of fermions 
to the gauge bosons: 

O^;; =t{^^D^^){h,l) +h.c., O^^! =t{h^D^a'^^){h^an) +h.c., (13) 

0(^,) =^{v^D^^){qJ,q) +h.c., Og,) =^{v^ D^ay){qj,a''q) +h.c., (14) 

=z((^"^D^V^)(u7^m) +h.c., O^d =i{v^D''ip)(d-f^d) +h.c., (15) 

0^e=^{f^D^^){ni.e)+h.c. (16) 

Finally, there is one operator that modifies the triple gauge boson interactions 

Ow = e"^" W^^'Wl^W'/. (17) 

B. Non [7(3)^ invariant operators 

Three are three four-fermion operators 

Oqde = {ie){dq)+h.c., (18) 
Oi, = {lae)e''\qtu) + h.c. O^ = {la^''e)e''\qba,,u) + h.c. (19) 

and one operator with two fermions 

O^^ = i{^'^tD^^){u-i^'d) + h.c. , (20) 

which gives rise to a right handed charged current coupling. 
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The twenty-one U{3)^ invariant operators contribute to precision EW measurements (see 
Ref. [IS]), whereas only nine of the twenty- five operators contribute to the semileptonic 
decays, including all four [/(3)^ breaking operators. 

We conclude this section with some remarks on our convention for the coefficients of the 
"flavored" operators: (i) in those operators that include the h.c. in their definition, the 
flavor matrix a will appear in the h.c.-part with a dagger; (ii) for the operators ' and 
Oee, because of the symmetry between the two bilinears, we impose [(^l^jj^i = ['^]kHjj (iii) 
order to ensure the hermiticity of the operators ([8])-(12) we impose [a]^ji^i = None of 

these conditions entails any loss of generality. 



III. EFFECTIVE LAGRANGIAN FOR n AND QUARK /? DECAYS 

Our task is to identify new physics contributions to low-energy CC processes. In order 
to achieve this goal, we need to derive from the the effective lagrangian at the weak scale 
(in which heavy gauge bosons and heavy fermions are still active degrees of freedom) a low- 
energy effective lagrangian describing muon and quark CC decays. The analysis involves 
several steps which we discuss in some detail, since a complete derivation is missing in the 
literature, as far as we know. 



A. Choice of weak basis for fermions 

At the level of weak scale effective lagrangian, we can use the f/(3)^ invariance to pick 
a particular basis for the fermionic flelds. In general, a f/(3)^ transformation leaves the 
gauge part of the lagrangian invariant while affecting both the Yukawa couplings and the 
coefficients of dimension six operators involving fermions. We perform a specific U{3)^ 
transformation that diagonalizes the down-quark and charged lepton Yukawa matrices Yd 
and Ye and puts the up-type Yukawa matrix in the form Yu = Y^^^^, where V is the 
CKM matrix. The fiavored coefficients correspond to this specific choice of weak basis 
for the fermion fields. 



B. Electroweak symmetry breaking: transformation to propagating eigenstates 

Once the Higgs acquires a VEV the quadratic part of the lagrangian for gauge bosons 
and fermions becomes non-diagonal, receiving contributions from both SM interactions and 
dimension six operators. In particular, the NP contributions induce kinetic mixing of the 
weak gauge bosons, in addition to the usual mass mixing. Therefore the next step is to 
perform a change of basis so that the new fields have canonically normalized kinetic term 
and definite masses. 

Let us first discuss the gauge boson sector. We agree with the BW results on the definition 
of gauge field mass eigenstates and on the expressions for the physical masses (Ref. [TO] , 
section 4.1). However, we find small differences from their results in the couplings of the W 
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and Z to fermion pairs, which can be written as (ref. |T0], section 4.2): 

= ^Ll,iri{^L)eL + UL'y^r]{uL)dL + UR'yf,r]{uR)dn (22) 
JI! = ^Llpit{vL)yL + eL'l^le{eL)eL + UL'l^,t{uL)uL + dL'l^ie{dL)dL 

+^Rl^,e{eR)eR + UR'y^e{uR)uR + dR'y^e{dR)dR . (23) 



Here the e's and r^'s are 3x3 matrices in flavor space. In the case of the charged current 



we find (BW do not have the f in a^^i and a^^"*^ 



r^iuL) = I + 2af (24) 
viuL) = I + 2a(5t (25) 
v{ur) = -a^^ , (26) 



where we have introduced the notation 



ax = j^ax ■ (27) 

In the case of the neutral current (e coefficients) we obtain the same results as BW except 
for the following replacement: 

ax — > ax + «x (28) 

f (3) (1) (3) (1) 

lor ax — , a^i , a^q , a^pq , a^e, o^^pu^ a^d- 

Finally, we need to diagonalize the fermion mass matrices. With our choice of weak basis 
for the fermions, the only step that is left is the diagonalization of the up-quark mass matrix, 
proportional to the Yukawa matrix Yu = V''Y^^'^^, where V is the CKM matrix. This can 
be accomplished by a U{3) transformation of the ul fields: 



ul 



V^UL . (29) 



As a consequence, the charged current and neutral current couplings involving up quarks 
change as follows: 

r]{uL) V r]{uL) 

t{uL) V t{uL) . (30) 

Similarly, appropriate insertions of the CKM matrix will appear in every operator that 
contains the ul field. 



C. Effective lagrangian for muon decay 

The muon decay amplitude receives contributions from gauge boson exchange diagrams 
(with modified couplings) and from contact operators such as 0\l\ \ Oie- Since we work 
to first order in f^/A^, we do not need to consider diagrams contributing to /x — > eva^up with 
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the "wrong neutrino flavor", because they would correct the muon decay rate to 0(f^/A"'). 
After integrating out the W and Z, the muon decay effective lagrangian reads: 



(1 + vl) ■ e^'^^VeL i^fiLYf^L + SR-e 



+ h.c. 



where = Xjlg^v^ is the uncorrected W mass and 



Sr = +2[a;e]2ll2 , 



(l)l 



;,(3)l 



(31) 



(32) 
(33) 



represent the correction to the standard {V — A) ® {V — A) structure and the couphng 
associated with the new {S — P) ^ {S + P) structure, respectively. 



D. Effective lagrangian for beta decays: d. 



Ui 



The low-energy effective lagrangian for semileptonic transitions receives contributions 
from both W exchange diagrams (with modifled W-fermion couplings) and the four-fermion 
operators 0|^\ Oqde-, Oiq, 0\q. As in the muon case, we neglect lepton flavor violating con- 
tributions (wrong neutrino flavor). The resulting low-energy effective lagrangian governing 
semileptonic transitions dj Ui i~ ue (for a given lepton flavor i) reads: 



1 + [vL]mj) hltMi^ei MlT'^c^l + [vRlmj hlt^i^eL UnYd^R 



+ [siUij ^rVil URd-i + [sR]mj ^R^eL u\d\ 



R 



+ [tL]uij ^Rfy^ivl'lL U^Cr^'^fi^ 



+ h.c. 



(34) 



where 







Uij 


= 2 V,, 




[vr 


Uij 








Uij 


= — I'^lqleiji 




[sr 


Uij 


^im \oiqde 






Uij 





a 



(3) 
Iq 



Umj 



(35) 

(36) 
(37) 
(38) 
(39) 



In Eqs. (35 39) the repeated indices are not summed over, while the index m is. 



IV. FLAVOR STRUCTURE OF THE EFFECTIVE COUPLINGS 



So far we have presented our results for the effective lagrangian keeping generic flavor 
structures in the couplings [ax]a6cd (see Eqs. 32, 33, and 35 through 39). However, some 
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of the operators considered in the analysis contribute to flavor changing neutral current 
(FCNC) processes, so that their flavor structure cannot be generic if the effective scale is 
around A ~ TeV: the off-diagonal coefficients are experimentally constrained to be very 
small. While it is certainly possible that some operators (weakly constrained by FCNC) 
have generic structures, we would like to understand the FCNC suppression needed for 
many operators in terms of a symmetry principle. Therefore, we organize the discussion in 
terms of perturbations around the [/(3)^ flavor symmetry limit. 

If the underlying new physics respects the f/(3)^ flavor symmetry of the SM gauge la- 
grangian, no problem arises from FCNC constraints. The largest contributions to the coef- 
flcients are flavor conserving and universal. Flavor breaking contributions arise through SM 
radiative corrections, due to insertions of Yukawa matrices that break the U{3)^ symmetry. 
As a consequence, imposing exact f/(3)^ symmetry on the underlying model does not seem 
realistic. A weaker assumption, the Minimal Flavor Violation (MFV) hypothesis, requires 
that f/(3)^ is broken in the underlying model only by structures proportional to the SM 
Yukawa couplings [171 dHl ttH 120], and by the structures generating neutrino masses pT] . 
We will therefore organize our discussion in several stages: 

1. flrst, assume dominance of f/(3)^ invariant operators; 

2. consider effect of f/(3)^ breaking induced within MFV; 

3. consider the effect of generic non-MFV flavor structures. 

In order to proceed with this program, for the relevant operators we list below the flavor 
structures allowed within MFV. The notation is as follows: we denote by Xu4,e the diagonal 
Yukawa matrices; rhi, represents the diagonal light neutrino mass matrix; V denotes the 
CKM matrix, while U is the PMNS |22] neutrino mixing matrix; v is the Higgs VEV and 
Aln is the scale of lepton number violation, that appears in the deflnition of MFV in the 
lepton sector (we follow here the "minimal" scenario of Ref. plj). With this notation, the 
leading "left-left" flavor structures in the quark and lepton sector read: 



v^xlv 

^UmluK 



(40) 
(41) 



We use Greek letters a,P,p,a for the lepton flavor indices, while i,j for the quark flavor 
indices, and we neglect terms with more than two Yukawa insertions. Moreover, we denote 
by ax, Px, and the numerical coefficients of 0(1) x f^/A^ that multiply the appropriate 
matrices in flavor space. For the operators that have a non-vanishing contribution in the 
U{3)^ limit, we flnd: 



ifil J 











'-(3)" 


















1^13 pa 





+ 



^afi )pa ^ ^A 



W ^p. 



+ 



(42) 
(43) 

(44) 

(45) 
(46) 
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For the operators that vanish in the hmit of exact U{3)^ symmetry, we find: 

[a^^Y' = a^^ [XuVXdY' + ... (47) 

+ Xf {VA^^lX,r + ■■■ (48) 

[ai,r^^'* = ai,xf cxuvr + PiAXeA^ir^ cxuvr 

+ %XfCXuVA^^lr + ... . (49) 

The coefficient of the tensor operator, [a[*J] has an expansion similar to the one of [aiq\. 

Except for the top quark, the Yukawa insertions typically involve a large suppression 
factor, as Aj = rrii/v. In the case of SM extensions containing two Higgs doublets, this 
scaling can be modified if there is a hierarchy between the vacuum expectation values Vu-,Vd 
of the Higgs fields giving mass to the up- or down-type quarks, respectively. In this case, 
for large tan/? = Vu/vd the Yukawa insertions scale as: 

A. = - ^ (50) 

f smp V 

V rUd . n .KIN 

Xd = ^ — tanp (olj 



V cos 13 V 
rrif rrii 

V cos P V 



- rrii fni ^ 

A^ = — — tan /? (52) 



V. PHENOMENOLOGY OF Kd AND Vus- OVERVIEW 



Using the general effective lagrangians of Eqs. (31) and (34) for charged current transi- 
tions, one can calculate the deviations from SM predictions in various semileptonic decays. 
In principle a rich phenomenology is possible. Helicity suppressed leptonic decays of mesons 
have been recently analyzed in Ref. [23]. Concerning semileptonic transitions, several re- 
views treat in some detail 13 decay differential distributions 125] . Here we focus on the 
integrated decay rates, which give access to the CKM matrix elements Vud and Vus'- since 
both the SM prediction and the experimental measurements are reaching the sub-percent 
level, we expect these observables to provide strong constraints on NP operators. 

Vud and Vus can be determined with high precision in a number of channels. The degree 
of needed theoretical input varies, depending on which component of the weak current 
contributes to the hadronic matrix element. Roughly speaking, one can group the channels 
leading to Vud,us into three classes: 

• semileptonic decays in which only the vector component of the weak current con- 
tributes. These are theoretically favorable in the Standard Model because the matrix 
elements of the vector current at zero momentum transfer are known in the SU{2) 
{SU{3)) limit of equal light quark masses: m„ = (= m^). Moreover, corrections to 
the symmetry limit are quadratic in rris^d — [261 l2Z] . Super-allowed nuclear beta 
decays (0"*" 0"^), pion beta decay (7r+ — > ir^e^Ue), and K — > niu decays belong to 
this class. The determination of Vud,us from these modes requires theoretical input 
on radiative corrections [281 1211 |30l |3T1 132] and hadronic matrix elements via analytic 
methods [33] , [Ml [351 EH ET] , or lattice QCD methods [381 [39lll0l | 
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• semileptonic transitions in which both the vector and axial component of the weak 
current contribute. Neutron decay {n — > peu) and hyperon decays (A peu, ....) 
belong to this class. In this case the matrix elements of the axial current have to be 
determined experimentally [42| . 

Inclusive r lepton decays r — >■ huj- belong to this class (both V and A current con- 
tribute), and in this case the relevant matrix elements can be calculated theoretically 
via the Operator Product Expansion [13| HI]. 

• Leptonic transitions in which only the axial component of the weak current contributes. 
In this class one finds meson decays such as tt{K) fiu but also exclusive r decays such 
as r ^ Ut-ti{K). Experimentally one can determine the products Vud ■ F^, and Vus ■ Fk- 
With the advent of precision calculations of Fk/F^ in lattice QCD IMl H71 1^51115] . 
this class of decays provides a useful constraint on the ratio Vus /Vud [50] . 

Currently, the determination of Vud is dominated by 0+ 0+ super-allowed nuclear beta 
decays |33], while the best determination of Vus arises from K ttEu decays pj. Experi- 
mental improvements in neutron decay and r decays, as well as in lattice calculations of the 
decay constants will allow in the future competitive determinations from other channels. In 
light of this, we set out to perform a comprehensive analysis of possible new physics effects 
in the extraction of Vud and Vus- 

As outlined in the previous section, we start our analysis by assuming dominance of the 
f/(3)^ invariant operators. These are not constrained by FCNC and can have a relatively low 
effective scale A. In the U{3)^ limit the phenomenology of CC processes greatly simplifies: 
all Vij receive the same universal shift (coming from the same short distance structure). 
As a consequence, extractions of Vud,us from different channels (vector transitions, axial 
transitions, etc.) should agree within errors. Therefore, in this limit the new physics effects 
are entirely captured by the quantity 

AcKM = + iKff '''^"f + - 1 , (53) 

constructed from the v}^^'^^°^ elements extracted from semileptonic transitions using the 
standard procedure outlined below. We now make these points more explicit. 



A. Extraction of Vij and contributions to Ackm in the U{3)^ limit 
If we assume U{3)^ invariance, only the SM operator survives in the muon decay la- 



VL = 4a^3-2alf^ . (54) 



grangian of Eq. ( |3l[ ), with 

Therefore, in this case the effect of new physics can be encoded into the following definition 
of the leptonic Fermi constant: 



G^ = (G^)(o) (1+^^) , (55) 

^ We disagree with the result of BW on the sign of dl?-* . 
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where Gp'' = (7^/(4\/2m^). Similarly, in the U{3)^ symmetry limit, only the SM operator 



survives in the effective langrangian for semileptonic quark decays of Eq. (34), with coupling: 



[vlU - VL^2 aS + aSi-^if) ■ (56) 



mj ^ — ^ y^^l -r 

As in the muon decay, the new physics can be encoded in a (different) shift to the effective 
semileptonic (SL) Fermi constant: 

G|L = (G^)(o) (1 + ^^) . (57) 

The value of Vij extracted from semileptonic decays is affected by this redefinition of the 
semileptonic Fermi constant and by the shift in the muon Fermi constant Gp, to which one 
usually normalizes semileptonic transitions. In fact one has 



i+2(d;f)-d;f-dg)+dg) 



(58) 



So in the U{3)^ limit a common shift affects all the Vij (from all channels). The only way 
to expose new physics contributions is to construct universality tests, in which the absolute 
normalization of Vij matters. For light quark transitions this involves checking that the first 
row of the CKM matrix is a vector of unit length (see definition of Ackm in Eq. (53)). The 
new physics contributions to Ackm involve four operators of our basis and read: 

Ackm = 4 (df - aff - + djj) . (59) 

In specific SM extensions, the dj are functions of the underlying parameters. Therefore, 
through the above relation one can work out the constraints of quark-lepton universality 
tests on any weakly coupled SM extension. 



B. Beyond U{3f 

Corrections to the U{3)^ limit can be introduced both within MFV and via generic fiavor 



structures. In MFV, as evident from the results of Section IV, the coefficients parameterizing 
deviations from f/(3)^ are highly suppressed. This is true even when one considers the 
fiavor diagonal elements of the effective couplings, due to the smallness of the Yukawa 
eigenvalues and the hierarchy of the CKM matrix elements. As a consequence, in MFV 
we expect the conclusions of the previous subsections to hold. The various CKM elements 
Vij receive a common dominant shift plus suppressed channel-dependent corrections, so 



that Eq. (59) remains valid to a good approximation. In other words, both in the exact 
f/(3)^ limit and in MFV, Ackm probes the leading coefficients ax of the four operators 

<^ckm - i<^ii , <^ig , <^^i , I- 

In a generic non-MFV framework, the channel-dependent shifts to Vij could be appre- 
ciable, so that Ackm would depend on the channels used to extract Vud,us- Therefore, 
comparing the values of Vus and Vud (or their ratios) extracted from different channels 
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Classification 


Standard Notation 


Measurement 


Reference 


Atomic parity 


QwiCs) 


Weak charge in Cs 


m 


violation (Qw) 


QwiTl) 


Weak charge in Tl 




DIS 


9 9 

91^ 9 R 


f^-nucleon scattering from NuTeV 


t53j 




R" 


t'^-nucleon scattering from CDHS and CHARM 


[51155] 




K 


f^-nucleon scattering from CCFR 


[56] 




9v^9a 


v-e scattermg from CHAKM ii 


[57] 


Zline 


Tz 


m 1 1 ry ■ i i i 

iotal Z width 


[58| [59] 


(iepton and 




e~^e~ hadronic cross section at Z pole 


[581159] 


light quark) 


A-FBif = e,fJ',r) 


Ratios of lepton decay rates 

l~i 111 1 1 j_ j_ ■ 

_borward- backward lepton asymmetries 


|58J |59J 
[58|I59] 


pol 




Polarized lepton asymmetries 


[58i l59] 


be 


Rfif = b,c) 


I ~v , - (? 1 1 • 1 J_ 

Ratios of hadronic decay rates 


W^^^\ ^^^^ 

[581 159] 


(iieavy quarJij 


aO. f / r 1 \ 

AM = b,c) 


Forward-backward hadronic asymmetries 


[58] [59] 




Af[f = b,c) 


Polarized hadronic asymmetries 


[58| [59] 


Lh/Pii l^ermion 


( £ \ 


il I- £ -\- — £ £ 

iotal cross sections for e^e J J 


[58| 159) 


production 


aI If ,, ^^ 

Afb\J - At'^) 


Forward-backward asymmetries for e~^e~ — ^ f f 




eOPAL 


da e/d cos 6 


Differential cross section for e'^e~ e'^e~ 


[60' 


WL3 


daw 1 d cos B 


Differential cross section for e~^e~ — > W~^W^ 




MW 


Mw 


W mass 


[SEIEHIESI 


Qfb 




Hadronic charge asymmetry 


[SHIES] 



TABLE I: Measurements included in this analysis. This summary table was taken directly from 
Table I of [16] and repeated here for convenience. We added some details in the classification 
column as well as additional experimental references. 



gives us a handle on ?7(3)^ breaking structures beyond MFV. We will discuss this in a 
separate publication, where we will analyze the new physics contributions to the ratios 

K°;^°VKr'^', ^^'7K°;^°", Kr^7K^"^ and from both inclusive 

and exclusive channels. In summary, we organize our analysis in two somewhat orthogonal 
parts, as follows: 

• In the rest of this work we focus on the phenomenology of Aqkm and its relation to 
other precision measurements. This analysis applies to models of TeV scale physics 
with approximate U{?>Y invariance, in which flavor breaking is suppressed by a sym- 
metry principle (as in MFV) or by the hierarchy Afiavor ^ TeV 

• In a subsequent publication we will explore in detail the constraints arising by compar- 
ing the values of V^s (Kid) extracted from different channels. These constraints probe 
the U{?>)^ breaking structures, to which other precision measurements (especially at 
high energy) are essentially insensitive. 
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VI. AcKM VERSUS PRECISION ELECTROWEAK MEASUREMENTS 



In the limit of approximate f/(3) invariance, we have shown in Eq. (59) that Aqkm con 



straints a specific combination of the coefficients a\f \ a[^\ d^^/, a'^q. Each of these coefficients 
also contributes to other low- and high-energy precision electroweak measurements |16], to- 
gether with the remaining seventeen operators that make up the f/(3)^ invariant sector of 



our TeV scale effective lagrangian (see Sect. II A). Therefore, we can now address concrete 



questions such as: what is the maximal deviation |Ackm| allowed once all the precision elec- 
troweak constraints have been taken into account? Which observables provide the strongest 
constraints on the operators contributing to Ackm? How does the inclusion of Ackm affect 
the fit to precision electroweak measurements? Should a deviation Ackm 7^ be established, 
in what other precision observables should we expect a tension with the SM prediction? At 
what level? 

Our task greatly benefits from the work of Han and Skiba (HS) [iOl, who studied the 
constraints on the same set of twenty-one U{3)^ invariant operators via a global fit to 
precision electroweak data. We employ a modified version of their publicly available fitting 
code in what follows. The analysis utilizes the experimental data summarized in Table 
I The procedure involves constructing the function for the observables listed in Table 
I, which contains 237 generally correlated terms. Indicating with A^*j^(dfc) the theoretical 
prediction for observable A* (including SM plus radiative correction plus first order shift in 
«fc = Oikv"^ / Is?') , and with Xl^^ the experimental value, the reads 



X^(afc) 



(^th(«fc) - ^Lp) {xli&k) - xQ (60) 



where afj = ai pij ctj is expressed in terms of the combined theoretical and experimental 
standard deviation cij and the correlation matrix pij. For more details, we refer to Ref. [TU] . 
In our numerical analysis we essentially use the code of HS"^ and minimally extend it by 
including the Ackm constraint in the function. Given the phenomenological input Vud = 
0.97425(22) [33], Ks = 0.2252(9) [63j, we obtain the constraint Ackm = (-1±6) x 10"^ 
Ackm has essentially no correlation with the other precision measurements, due to the small 
fractional uncertainty in the Fermi constant. 

We perform two different analyses, one in which all operators Ox are allowed to con- 
tribute, and one in which only a single operator at a time has non vanishing coefficient. 
These two regimes represent extreme model scenarios and possess different characteristics. 
In the global analysis, due to the large number of parameters, cancellations can dilute the 
impact of specific observables: the burden of satisfying a tight constraint from a given ob- 
servable can be "shared" by several operators. On the other hand, within the single-operator 
analysis one may easily find correlations between different sets of measurements. We think 
of the single operator analysis as a survey of a simplified class of models, in which only one 
dominant effective operator is generated. 



We prefer to quote final results in terms of the dimensionless ratios ak = ctk^^ I ^ {v — 174 GeV) instead 
of flfe = ^ HS. 
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FIG. 1: 90% allowed regions for the coefficients a\f\ ai^\ a^^i , a^^q . These are projections from 
the 21 dimensional ellipsoid, obtained from the fitting code. We include the results for high energy 
observables alone (HEP, black unbroken curves), high energy data plus the current Ackm constraint 
(blue unbroken curve), high energy data plus the alternative value of Ackm = —0.0025 ± 0.0006 
(red unbroken curve) and the bounds from the current Ackm alone (blue dashed curve). 



A. Global analysis 

In order to quantify the significance of the experimental CKM unitarity constraint, we 
first calculate the range of AckmIq;/;) allowed by existing bounds from all the precision elec- 
troweak measurements included in Table [H In terms of the best fit values and the covariance 
matrix of the dj [TB] obtained from the fit to electroweak precision data, we find 

- 9.5 X 10"^ < Ackm < 0.1 x 10"^ (90% C.L.) , (61) 

to be compared with the direct 90% C.L. bound |Ackm| < 1. x 10~^. The first lesson 
from this exercise is that electroweak precision data leave ample room for a sizable non- 
zero Ackm: the direct constraint is nearly an order of magnitude stronger than the indirect 
one! Therefore, one should include the Ackm constraint in global fits to the effective theory 
parameters. 

The next question we address is: what is the impact of adding the Ackm constraint to 
the global electroweak fit? The chi-squared per degrees of freedom changes only marginally, 
from x^/d.o.f. = 180.12/215 to x^/d.o.f. = 173.74/216. We find that essentially the only 
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impact is to modify the allowed regions for 6i^ \ cxf^ ^di^^} , d^^g . To illustrate this, in Figure 
we display the projection of the twenty-one dimensional 90% confidence ellipsoid onto tne 
relevant planes involving , af^ , cx"^i , ol'^I . The black curves represent bounds before the 
inclusion of the Ackm constraint. The dashed blue lines outline the allowed regions found 
by considering only the effect of current Ackm bounds (Eq. 59): the regions are unbounded 
because large values of any of the dj may be canceled by a correspondingly large contribution 
of other operators. The situation changes when high energy observables are taken into 
account, as can be seen from the combined fit solid blue curve. Despite the relatively weak 
indirect Ackm constraints from high energy data, the unbounded parameter directions are 
cut off at the edge of the allowed black contour. In the orthogonal direction, the combined 
elhpse is shrunk significantly by the strong Ackm bound. Thus, the solid blue contour is 
rotated and contracted with respect to its parent black region. As evident from the figure, 
the main effect of including Ackm is to strengthen the constraints on the four-fermion 
operator . 

At this stage we may also ask how would this picture change if a significant deviation from 
Cabibbo universality were to be observed. To answer this question, we show in Figure [T| the 
90 % CL. allowed regions (red solid curve) obtained by assuming a ~ 4o" deviation, namely 
Ackm = —0.0025 ± 0.0006^. One can see that changing the central value of Ackm has only 
a minor effect on the allowed regions: the fit is driven by the comparatively small Ackm 
uncertainty, rather than its central value. While the fitting procedure tends to minimize 
the contribution from Ackm? this does not generate much tension with the remaining 
observables, as other operators can compensate the effect of potentially non-vanishint dj C 

dcKM- 



B. Single operator analysis 

To gain a better understanding of the interplay between the Ackm constraint and other 
precision measurements, we embark on a single operator analysis. We assume that a single 
operator at a time dominates the new physics contribution and set all others to zero. A 
similar analysis (not including the CKM constraints) has been performed in [M]. We will 
only consider the operator set Ockm = {Oa\0^^ ^O^^^ ^O^^q} that contributes to Ackm, 
because for the other operators the analysis would coincide with that of Ref. [M]- In this 
simplified context we can ask questions about 

(i) the relative strength of Ackm versus other precision electroweak measurements in 
constraining the non-zero d,; 

(ii) the size of correlations among SM deviations in various observables. 

In order to address the first question above, for each coefficient dj C dcKM we derive 
the 90 % C.L. allowed intervals implied by: (a) the global fit to all precision electroweak 



^ This value has been chosen for illustrative purposes and could be realized if the central value of V^s from 
Kg^ decays shifted down to Vus = 0.2200, which is preferred by current analytic estimates of the vector 
form factor (see Refs. j35ll36l[37] V 
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FIG. 2: The 90% C.L. allowed regions for the coefficients cti within the single operator analysis. 
The first column displays the constraint from all precision observables except Ackm- The second 
column displays the constraint coming exclusively from Ackm- The remaining columns display 
the constraint derived from each subset of measurements listed in Table HI 



measurements except Ackm (first column in Figure [2| also denoted by horizontal gray 
bands); (b) the Ackm constraint via Eq. (59) (second column in Figure |2|; (c) each subset 
of measurements listed in Table [l] (remaining columns in Figure [2]). Missing entries in Figure 
(|2| signify that the measurement sets are independent of the selected operator. The plot 
nicely illustrates that, for the operators Oi C Ockm, the direct Ackm measurement provides 
constraints at the same level (for 6i~^}) or better then the Z pole observables. Looking at 



(3) ^(3) 



r,(3) 



the size of the constraints, we can immediately conclude that the operators , O 
are quite tightly constrained by Z lineshape observables (fourth column in Figure |2]), so 
that very little room is left for CKM unitarity violations. On the other hand, the operator 
ol^^ is relatively poorly constrained by electroweak precision data (LEP2 e^e~ — qq cross 
section provides the best constraint) and could account for significant deviations of Ackm 
from zero (first column of the second panel from top in Figure |2]). In this case, the direct 
constraint is by far the tightest. 

Should a non-zero Ackm be observed, in the single-operator framework it would be corre- 
lated to deviations from the SM expectation in other observables as well, since there is only 
one parameter in the problem (the coefficient of the dominant operator considered). We 
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FIG. 3: Correlation of various Z pole observables with ^qkm- Operator is not constrained by 

(3) (3) 

these measurements. The and Oipq lines are degenerate in the ApB panel. The lex bands for 
^CKM and Z pole measurements are shown in red and blue, respectively. The right panel bands 
are shaded differently to indicate e, and r measurements separately. In the lower left panel 
do = {12ttT had) / {M'^T'^) parameterizes the maximum Z-pole cross-section for e~^e~ — > had. 

have studied quantitatively the expected correlation between Ackm and the most sensitive 
electroweak measurements. In Figures [3] and |4] we report the correlation between Ackm and 
Z pole observables. In these figures, each black line (solid or broken) corresponds to a given 
single-operator model, in which only one dfc 7^ 0. Each point on the black line correspond 
to a particular value of d^. A fiat black line indicate that no correlation exists between the 
two observables considered. The red shaded bands indicate the current 1-a Ackm direct 
constraint, while the blue bands correspond to the 1-a Z-pole observables. We use different 
blue shading to indicate various measurements included in the analysis. For example, the 
forward backward asymmetries (Apb) and decay branching ratios (R) are shown in different 
color for each charged lepton flavor. 

Figures |3] and |4] clearly illustrate how much we can move Ackm from zero before getting 
into some tension with Z pole precision measurements. Moreover, should a given Ackm 7^ 
be measured, we can immediately read off in which direction other precision measurement 

should move, and by how much, within this class of models. 

(3) 

The model in which 0^^ is the dominant operator is somewhat special, as Z-pole ob- 
servables do not put any constraint. In this model, correlations arise among the following 
four observables: Ackm, the LEP2 e+e~ — > qq cross section, neutrino DIS (in particular 
the NuTeV measurements of the ratios of NC to CC in u^^ — N DIS), and Atomic Parity 
Violation, which has only a very weak dependence on . The two tightest constraints 
arise from Ackm and LEP2. From the correlation plot in Figure [s] (upper panel, solid line) 
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FIG. 4: Correlation of Z-pole polarized lepton asymmetries with Ackm- Operators O^^ and 0}pq 
are not constrained by these measurements. The la bands for Aqkm and lepton asymmetries are 
shown in red and blue, respectively. Different blue shading correspond to different measurements. 

one can see how LEP2 data in principle leave room for substantial quark-lepton universality 
violations, up to |Ackm| ~ 0.005 at the 1-a level. In the lower panel of Figure |5} we report 
the correlation plot between Ackm and the effective neutrino-nucleon coupling g1 extracted 
from NuTeV data. The striking feature of this plot is that an explanation of the deviation 
between the SM prediction and the NuTeV measured range of gj^ in terms O^^^ (solid line) 
would require a Ackm at least IGcr below its current value. 

VII. CONCLUSIONS 

In this article we have investigated in a model-independent framework the impact of 
quark-lepton universality tests on probing physics beyond the Standard Model. We have 
identified a minimal set of twenty-five weak scale effective operators describing corrections 
beyond the SM to precision electroweak measurements and semileptonic decays. In terms of 
new physics corrections at the TeV scale, we have derived the low-energy effective lagrangians 
describing muon decay and beta decays, specifying both the most general flavor structure 
of the operators as well as the form allowed within Minimal Flavor Violation. 

We have performed the phenomenological analysis assuming nearly flavor blind (f/(3)^ 
invariant) new physics interactions. In this framework flavor breaking is suppressed by a 
symmetry principle, such as the Minimal Flavor Violation hypothesis, or by the hierarchy 
Aflavor ^ TeV. We have shown that in this limit, the extraction of Vud and Vus from any 
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FIG. 5: Upper panel: correlation between Ackm and a{e~^e~ qq){Vs = 207 GeV). Lower panel: 
correlation between Ackm and the effective neutrino-nucleon couplings gj^ measured by NuTeV. 
The la bands for Ackm and the other observable are shown in red and blue, respectively. 

channel should give the same result and the only significant probe of physics beyond the 
SM involves the quantity Ackm = iKidP + iKisP + iKifeP — 1- In a subsequent publication 
we will explore the constraints arising by comparing the values of Vus (Kid) extracted from 
different channels. These constraints probe those U (3) ^-breaking structures to which FCNC 
and other precision measurements are quite insensitive. 

We have shown that in the U{3)^ limit Ackm receives contributions from four short 
distance operators, namely Ockm = {Olf\Oi^\0^^i ,0^q}, which also shift SM predictions 
in other precision observables. Using the result of Eq. [59} one can work out the constraints 
imposed by Cabibbo universality on any weakly coupled extension of the SM. Here we have 
focused on the model-independent interplay of Ackm with other precision measurements. 
The main conclusions of our analysis are: 

• The Ackm constraint bounds the effective scale of all four operators Oi C Ockm to 
be A > 11 TeV (90 % C.L.). For the operators 0[f \ Oj,^\ this constraint is at 

(3) 

the same level as the Z-pole measurements. For the four-fermion operator O;^ , Ackm 
improves existing bounds from LEP2 by one order of magnitude. 

• Another way to state this result is as follows: should the central values of Vud and 
Vus move from the current values [3], precision electroweak data would leave room 
for sizable deviations from quark-lepton universality (roughly one order of magnitude 
above the current direct constraint). In a global analysis, the burden of driving a 
deviation from CKM unitarity could be shared by the four operators Oi C Ockm- 
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In a single operator analysis, essentially only the four-fermion operator O/^ could be 
responsible for Aqkm 7^ 0, as the others are tightly bound from Z-pole observables. 

Our conclusions imply that the study of semileptonic processes and Cabibbo universality 
tests provide constraints on new physics beyond the SM that currently cannot be obtained 
from other electroweak precision tests and collider measurements. 

APPENDIX A: DETAILS ON THE OPERATOR BASIS 

In this appendix we discuss how to obtain from the BW operator basis the minimal subset 
describing CP-conserving electroweak precision observables and beta decays. We start with 
a few comments on the BW operator list, pointing out a few typos and omissions: 

• The four-fermion operator 0\q = (JaCr^'^ e)e'^^ {qbcr fiuu) must be added to the list (the e 
tensor is used to contract weak SU(2) indices). 

• The operators Ofg^\ Og^g^\ Ouu and Of] can be eliminated using the Fierz transfor- 
mation and the completeness relation of the Pauli (Gell-Mann) matrices: Yli^ij^ki ~ 
—SijSki + 25ii5kj] 

• The dagger in the operator (3.55) should be replaced by a T (transpose symbol); 

• The names Oug and Odc have been used twice in BW: operators (3.34, 3.36) and 
operators (3.61, 3.63). 

As a result of the above observations, the complete list of dimension six operators involves 
seventy-seven operators. 

Once the CP-assumption is taken into account, we have seventy-one operators in our 
effective lagrangian^. Moreover, we will not take into account the thirteen operators that 
involve only quark and gluon fields^, because they will not appear in our observables (pre- 
cision EW measurements and semileptonic decays) at the level we are working. Further 
operators that do not contribute to our observables are Oqc, Oug, OdG- 

Since we are not considering processes involving the Higgs boson as an external particle, 
we can remove more operators from our list: 0^,0d^ (they only involve scalar fields), and 
seven more operators^ whose effect can be absorbed in a redefinition of the SM parameters 
g, g', gs, v and the Yukawa couplings. In this way we end up with forty-six operators 
that can produce a linear correction to the SM-prediction of our observables. But a more 
detailed analysis of this list shows that twenty-one of them either do not produce linear 
corrections (because the interference with the SM vanishes) or produce effects suppressed 
by an additional factor (for example, low energy four-quark operators of dimension seven). 

Finally we have the twenty-five operators listed in the text: twenty-one of them are in- 
variant under the flavor symmetry U (3)^ and contribute without suppression to the precision 
EW measurements [U]. The remaining four operators are non-invariant under f/(3)^. 



^ The six operators removed are Ox with X — G, W, (pG, (pW, (pB, WB. 

7 Ox with X = G, , gg'^) , uu^ , , qq(^^) , gg(i.3) ^ ^^(i) ^ ^^(8) ^ ^^(i) ^ ^^(8) ^ ^^(1) ^ ^^(8) 

® Ox with X — ipW, (fiB, (f^^^ , ipG, etp, wp, dtp 
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